Rho GDP-dissociation inhibitor (GDIa) inhibits glucose-stimulated insulin secretion (GSIS) in part by locking Rho GTPases in an inactive GDP-bound form. The onset of GSIS causes phosphorylation of GDIa at Ser174, a critical inhibitory site for GDIa, leading to the release of Rho GTPases and their subsequent activation. However, the kinase regulator(s) that catalyzes the phosphorylation of GDIa in islet b cells remains elusive. We propose that SAD-A, a member of AMP-activated protein kinase-related kinases that promotes GSIS as an effector kinase for incretin signaling, interacts with and inhibits GDIa through phosphorylation of Ser174 during the onset GSIS from islet b cells. Coimmunoprecipitation and phosphorylation analyses were carried out to identify the physical interaction and phosphorylation site of GDIa by SAD-A in the context of GSIS from INS-1 b cells and primary islets. We identified GDIa directly binds to SAD-A kinase domain and phosphorylated by SAD-A on Ser174, leading to dissociation of Rho GTPases from GDIa complexes. Accordingly, overexpression of SAD-A significantly stimulated GDIa phosphorylation at Ser174 in response to GSIS, which is dramatically potentiated by glucagonlike peptide-1, an incretin hormone. Conversely, SAD-A deficiency, which is mediated by short hairpin RNA transfection in INS-1 cells, significantly attenuated endogenous GDIa phosphorylation at Ser174. Consequently, coexpression of SAD-A completely prevented the inhibitory effect of GDIa on insulin secretion in islets. In summary, glucose and incretin stimulate insulin secretion through the phosphorylation of GDIa at Ser174 by SAD-A, which leads to the activation of Rho GTPases, culminating in insulin exocytosis. (Endocrinology 159: 3036-3047, 2018) 
recycling process leads to inhibition of GSIS (4) , whereas overexpression of a dominant active form of RAC1 impairs GSIS concurrently with disruption to F-actin remodeling (4, 9) . Hence, overexpression of GDIa has been shown to inhibit GSIS (10, 11) . Additionally, the onset of GSIS also results in stimulation of the phosphorylation of GDIa at Ser174, a negative regulatory site of GDIa, leading to the activation and translocation of CDC42 and RAC1 from the cytoplasm to the plasma membrane in islet b cells (10) . However, the kinase regulator(s) responsible for the phosphorylation remains to be identified.
SAD-A, also referred to as BRSK2, is a member of the AMP-activated protein kinase (AMPK)-related kinases under the control of LKB1. LKB1 is a tumor suppressor kinase responsible for the inherited familial cancer disorder Peutz-Jeghers syndrome (12) . The AMPK-related kinases have recently been implicated in the regulation of dynamic islet function, including islet morphology, b-cell polarity, energy homeostasis, and GSIS (13) , as evidenced by the phenotype of multiple mouse models of LKB1 deletion in pancreas and islet b cells (14) (15) (16) (17) (18) . SAD-A is most closely related to AMPK among the 12 members of AMPK-related kinases, implicating an important role in energy metabolism. SAD-A and its highly conserved isoform, SAD-B, are predominantly expressed in the brain, where they regulate various neuronal function, such as neuronal polarity, axon formation and specification, maturation of nerve terminals, and neurotransmitter release, presumably by regulating cytoskeletal remodeling (19) (20) (21) (22) (23) . SAD-B kinase also regulates cell division by mediating g-tubulin phosphorylation and centrosome duplication (24) .
In contrast to SAD-B, whose expression is restricted to the brain, SAD-A is exclusively expressed in both the brain and pancreas, the primary targeting tissue for incretin hormone action. The term "incretin effect" was coined from early observations that oral administration of glucose enhances insulin secretion to a greater extent than that seen with isoglycemic intraperitoneal administration (25) , which led to the identification of glucagonlike peptide-1 (GLP-1) and glucose-dependent insulinotropic peptide (GIP). Both GLP-1 and GIP greatly potentiate GSIS in response to oral glucose load. Indeed, SAD-A is activated by protein kinase A (PKA) and CaMKKa-mediated signaling pathways (26, 27) . Both cAMP and calcium are powerful second messengers that potentiate GSIS and mediate GLP-1's effect. Our recent studies have identified a crucial role of SAD-A in regulating GSIS as a mediator of incretin response in islet b cells (28, 29) . SAD-A is activated in response to stimulation with glucose or incretin hormones and is required for GLP-1 receptor-mediated signal transduction in islet b cells (29) . Accordingly, overexpression SAD-A greatly enhanced GSIS and significantly potentiated GLP-1's effect (30) . Conversely, targeted deletion of SAD-A in mice leads to inadequate incretin response and glucose intolerance (29) . Additionally, SAD-A regulates islet b-cell size and mass as a downstream effector protein of mTORC1 signaling (31) . Furthermore, SAD-A governs insulin exocytosis in part by promoting F-actin remodeling in response to glucose stimulation through phosphorylation of p21-activated kinase 1 (PAK1) kinase, the effector of Rho GTPases (30) . However, whether SAD-A directly regulates Rho GTPases activation remains elusive. In the present studies, we investigated the molecular mechanism by which SAD-A regulates Rho GTPases activation. We show that SAD-A activates Rho GTPases by inhibiting GDIa activity through direct binding and phosphorylation of GDIa at Ser174, culminating in insulin exocytosis.
Material and Methods

Ethics
All animals were maintained in an environmentally controlled facility with diurnal light cycle and free access to water and a standard rodent chow (Teklad 2018; Harlan, Madison, WI). All experiments involving animals were performed in compliance with approved institutional animal care and use protocols according to National Institutes of Health guidelines (publication no. 1985) .
Cells and reagents
INS-1 832/13 cells (RRID: CVCL_7226, INS-1) from Dr. Christopher B. Newgard's laboratory (Duke University Medical Center, Durham, NC) were cultured according to the protocol reported before (32) and routinely tested for mycoplasma. The 293T cells (RRID: CVCL_0045) purchased from the ATCC were cultured according to standard methods and routinely tested for mycoplasma. For experiments, INS-1 cells were seeded at a density of 2.5 3 10 4 cells/cm 2 and incubated for 18 hours before proceeding with transfection.
Transient transfections were performed by using X-tremeGENE HP DNA Transfection Reagent (Sigma-Aldrich, St. Louis, MO). The pcDNA3.1-Flag-SAD-A and adenovirus expression of Flag-SAD-A or SAD-A mutants were generated and described previously (30) . Site-directed mutagenesis of plasmids was performed by using the Quickchange multisite kit (Stratagene, San Diego, CA). The plasmids of pcDNA-myc-PAK1 and pcDNA-myc-GDIa were used as previously described (33) . Reagents or key resources are listed in Table 1 . Traditional western blot was performed as previously described (30) . Capillary western blot analyses were performed using the ProteinSimple Wes System (San Jose, CA). Samples were prepared according to Wes kit protocol (Wes-Rabbit; 12-230 kDa; catalog no. PS-MK-14). A biotinylated ladder provided molecular weight standards for each assay. Serial dilution of samples and antibodies was performed to validate the detection of target protein. GDIa antibody was purchased from Santa Cruz Biotechnology (Dallas, TX) (34). Anti-RhoGDI (phospho S174) antibody was purchased from Abcam (35). c-Myc antibody (36), Rho A antibody (37), and Cdc42 antibody were purchased from Santa Cruz Biotechnology (38). Rac1 antibody was purchased from Cytoskeleton (Colorado Springs, CO) (39). Flag antibody (40) and b-Actin antibody were purchased from SigmaAldrich (41). SAD-A antibody was purchased from Proteintech Group (Rosemont, IL) (42). Mouse IgG horseradish peroxidase (43) , rabbit IgG horseradish peroxidase (44), and anti-Flag ® M2 Affinity Gel were purchased from Sigma-Aldrich (45).
Mass spectrometry
The coimmunoprecipitation (co-IP) analyses were carried out in MIN6 b cells (RRID: CVCL_0431) and stably overexpressed Flag-tagged SAD-A (30) by using Flag antibody as the bait. The immunocomplex was treated with trypsin and processed by Penn State College of Medicine's Mass Spectrometry and Proteomics Core facility.
In vitro phosphorylation assays
In vitro SAD-A kinase assays were carried out using recombinant SAD-A proteins described previously (30) . The recombinant SAD-A protein overexpressed in Sf9 cells were partially purified by anti-FLAG M2 affinity resin (SigmaAldrich). To reduce the autophosphorylation signals of SAD-A kinase, the recombinant SAD-A protein resin was washed once with 13 kinase buffer (50 mM HEPES, pH 7.5, 10 mM MgCl 2 , and 2 mM MnCl 2 ), and incubated with 25 mM ATP for 10 minutes at 37°C. Evaluation of SAD-A kinase activity was determined by incubating the pretreated recombinant human Flag-SAD-A protein resin with recombinant human glutathione S-transferase (GST)-GDIa protein (Cytoskeleton) or 0, 1, 10, or 30 mg human GDIa oligopeptides (Peptide 2.0 Inc., Chantilly, VA) in 13 kinase buffer and 10 mCi of [g- 32 P] ATP in a final volume of 30 mL for 20 minutes at 37°C. Incorporation of 32 P-phosphate into the oligopeptide substrates was determined as described previously (30) . The GDIa oligopeptides used in current studies, which covered all the predicated or previously identified phosphorylation sites of human GDIa, were chosen from the Phosphosite Web site (https://www.phosphosite.org) and synthesized from Peptide 2.0 Inc. (Chantilly, VA): T7: MAEQEPTAEQLAQIA; S24:ENEEDEHSVNYKPPA; S34: YKPPAQKSIQEIQEL; S96:DLTGDLESFKKQSFV; S101: LESFKKQSFVLKEGV; S148:KTDYMVGSYGPRAEE; and S174:KGMLARGSYSIKSRF.
Immunoprecipitation and GST fusion protein pull-down assay
The protocol was described in a previous study (30) . Briefly, the cells were lysed in 500 mL lysis buffer (40 mM HEPES, pH 7.4, 100 mM NaCl, 1% Triton X-100, 25 mM NaF, 1 mM sodium orthovanadate, 10 mg/mL leupeptin, and 10 mg/mL aprotinin). The indicated antibodies were used in immunoprecipitation. The binding protein was eluted by boiling in sample loading buffer, separated by SDS-PAGE, and detected by western blot analysis.
Subcellular fractionation assay
INS-1 cells were transiently transfected in a 10-cm dish for 48 hours. The cells were collected and resuspended 150 mL of homogenizer buffer (0.25 M sucrose, 0.01 M Tris/HCl, pH 7.4, 1 mM EDTA) and then homogenized in a cell mix with IKA ® RW 20 Digital at 370 rpm/min in a glass rotor and glass tube for 15 minutes on ice, fractionated by centrifugation at 800g for 10 minutes at 4°C, and followed by centrifugation at 100,000g for 60 minutes at 4°C. In the second centrifugation, the supernatant was a cytosolic fraction, and the pellets were a membrane fraction. The membrane fraction was resuspended with an equal volume of cytosolic fraction. Western blot was performed by using the same amount of membrane and cytosolic fraction fractions.
Islet isolation and insulin secretion assay
Islet isolation was described in a previous study (30) . Briefly, islets were isolated from 8-week-old C57BL/6J mice by collagenase XI (Sigma-Aldrich) perfusion and Histopaque (SigmaAldrich) separation from acinar and ductal tissues. Insulin secretion studies were performed 48 hours after adenovirus infection at a multiplicity of infection equal to 100 and were analyzed in six repeated samples with 10 islets per sample. Insulin secretion levels were determined by an insulin radioimmunoassay kit (Millipore, Burlington, MA), and were normalized to total insulin content. For protein isolation, islets were lysed in 50 mL of lysis buffer with a protease inhibitor cocktail (Calbiochem, San Diego, CA); protein was quantified by standard techniques. A total of 50 mg of protein was resolved on a 10% SDS gel for western blot analysis.
Statistical analysis
Results are shown as averages and SEMs. Student t test, nonparametric Mann-Whitney U test, or ANOVA was used to calculate differences between groups where appropriate. *P , 0.05, **P , 0.01, and ***P , 0.001 were considered significant. All in vitro experiments were performed at least three times. Power analysis was conducted to determine the sample size. Prism, version 7.0 (GraphPad Software, San Diego, CA), was used for these analyses.
Results
SAD-A interaction with GDIa through kinase domain
Co-IP analysis using Flag-tagged SAD-A followed by mass spectrometric analysis showed GDIa could be one of the binding proteins with SAD-A kinase (the full results of this screen will be published as a separate study). To verify the specificity of the interaction, we performed GST pull-down assay by using cell lysate from 293T cells and purified GST-GDIa fusion protein and confirmed this binding (Fig. 1a) . To identify domains responsible for the interaction of SAD-A with GDIa, we generated a series of deletion mutants of SAD-A (Fig. 1b) . These SAD-A mutants carry different domains of SAD-A and were used in the co-IP analysis in 293T cells. Deletion of the C-terminus of SAD-A, including the UBA and PRD domains, did not significantly affect its interaction with GDIa, as shown in Fig. 1c . In contrast, deletion of the kinase domain diminished the interaction of SAD-A with GDIa, suggesting that the kinase domain of SAD-A is required for its interaction with GDIa.
SAD-A phosphorylates GDIa at Ser174 site from an in vitro kinase assay
We next postulated that the physical interaction of GDIa with SAD-A would lead to GDIa phosphorylation by SAD-A, which was tested by in vitro phosphorylation analysis of GDIa using purified Flag-SAD-A and GSTGDIa. As shown in Fig. 2a , the purified SAD-A specifically phosphorylated GST-GDIa fusion protein in a dose-dependent manner. To identify the phosphorylation site of GDIa by SAD-A, we next carried out systematic in vitro phosphorylation analysis using synthetic oligopeptides that contain all the known or predicted serine/ threonine phosphorylation sites of GDIa as the substrates (Fig. 2b) . As shown in Fig. 2c (and quantified in . 2d ), SAD-A specifically phosphorylated GDIa at Ser174, a previously identified phosphorylation site required for Rho GTPases activation and the onset of GSIS (10, 11), but not any other potential phosphorylation sites.
SAD-A binds and phosphorylates GDIa at Ser174 in response to glucose and GLP-1 treatment in b cells
To verify the interaction in b cells, we overexpressed the recombinant SAD-A in isolated islets and carried out a co-IP analysis using Flag-tagged SAD-A as the bait, because no commercial SAD-A antibody is suitable for immunoprecipitation assay. The results show that SAD-A specifically interacted with endogenous GDIa, which was evidenced by specific immunoprecipitation with antiFlag antibody (Fig. 3a) . Using antiphospho-Ser174 antibodies to GDIa, we investigated the role of SAD-A in regulating endogenous GDIa phosphorylation in INS-1 islet b cells. We first examined whether SAD-A overexpression would stimulate endogenous GDIa phosphorylation at Ser174, and, if so, whether the phosphorylation could be regulated by glucose and GLP-1. INS-1 b cells were transiently transfected with a SAD-A expression plasmid, followed by treatment with glucose or glucose plus increasing doses of Exendin-4, a long-acting analog of GLP-1. Consistent with findings from an in vitro phosphokinase assay, SAD-A overexpression significantly stimulated Ser174 phosphorylation in GDIa in response to glucose stimulation and GLP-1 treatment (Fig. 3b) . Strikingly, the Ser174 phosphorylation was dramatically enhanced in response to treatment of Exendin-4 in the presence of high glucose concentration. The findings were consistent with our report that SAD-A significantly potentiates GLP-1's effect on GSIS only in the presence of high glucose (29) .
To provide further support for the role of SAD-A in regulating Ser174 phosphorylation in GDIa, we next determined the effect of endogenous SAD-A deficiency on GDIa phosphorylation in INS-1 cells mediated by short hairpin RNA (shRNA) targeted to SAD-A (20) . Transient expression of shRNA in INS-1 cells resulted in significant knockdown of the endogenous SAD-A when compared with the scramble control (Fig. 3c) . In support of the findings of SAD-A overexpression in INS-1 cells, endogenous SAD-A deficiency significantly decreased phosphorylation of endogenous GDIa on Ser174 site (Fig. 3c , quantified in Fig. 3d ). SAD-A protein contains two bands during western blot detection, a higher molecular band (;105 KD) that represents a phosphorylated and inactive form of SAD-A, and a lower molecular weight band (;85 KD), which is the nonphosphorylated and active form of SAD-A (29) . shRNA knockdown of lower molecular weight SAD-A reduced Ser174 phosphorylation of GDIa under high glucose (16.7 mM) and Exendin-4-stimulated conditions (Fig. 3e, quantified in Fig. 3f) . However, endogenous GDIa phosphorylation at the Ser174 site in response to glucose and Exendin-4 after partial knockdown of SAD-A in INS-1 cells will be seen (Fig. 3e, quantified in Fig. 3f ). We carried out capillary electrophoresis in Wes system to detect the SAD-A protein because of the low expression level of endogenous SAD-A in INS-1 cells; the antibody conditions were tested and are shown in Supplemental Fig. 1 . Together, the findings demonstrated a crucial role of SAD-A in stimulating Ser174 phosphorylation of GDIa in response to glucose and GLP-1 stimulation.
SAD-A stimulates Rho GTPase activation by promoting its dissociation from GDIa
We next investigated whether phosphorylation of Ser174 by SAD-A would lead to Rho GTPase activation by a GDIa dissociation assay. INS-1 cells were transiently transfected with expression vectors for SAD-A or its kinasedead mutant (SAD-K48M), as previously reported with Myc-GDIa (29) . GDIa was used as the "bait" for the co-IP assay, followed by western blot analysis of coimmunoprecipitates of each of the Rho GTPases, including RhoA, CDC42, and RAC1. As shown in Fig. 4a , overexpression of SAD-A, but not the kinase-dead mutant, significantly stimulated the dissociation of RhoA and CDC42 from GDIa when compared with vector control. In contrast, SAD-A affected the binding of Rac1 to GDIa less.
The onset of GSIS involves the recycling of small GTPases between the inactive GDP-bound forms in the cytoplasm and its active GTP-bound conformation associated with plasma membrane. The recycling process is tightly regulated by GDIa, which directly binds to Rho family GTPases (11) . We next investigated whether SAD-A overexpression would stimulate the translocation of Rho GTPases from the cytoplasm to the cell membrane, a critical step required for the activation of RhoA or CDC42, by subcellular localization studies. Consistent with the findings from the co-IP analysis, overexpression of SAD-A significantly stimulated the translocation of both RhoA and CDC42 from the cytoplasm to the membrane in INS-1 cells. In contrast, the translocation was entirely inhibited by GDIa overexpression and shRNA-SAD-A groups (Fig. 4b) . Again, SAD-A overexpression affected the translocation of Rac1 less.
SAD-A restored glucose responsiveness in islet b cells through inhibition of GDIa
The onset of GSIS is associated with phosphorylation of GDIa at Ser174 in pancreatic islets (10) . We postulated that phosphorylation of GDIa at Ser174 by SAD-A would attenuate the inhibitory effect of GDIa on GSIS, which was tested by adenoviral overexpression of GDIa and SAD-A in isolated islets. Overexpression of SAD-A, or the constitutively active SAD-A mutant (SAD-T443A) (29, 30) but not the kinase-inactive form (SAD-K48M), significantly enhanced GSIS and the potentiating effect of forskolin on GSIS (Fig. 5a) . In contrast, overexpression of GDIa dramatically inhibited GSIS and abrogated the potentiating effect of GLP-1 on GSIS. In support of a role of SAD-A as the kinase regulator of GDIa, adenoviral expression of SAD-A completely reversed the insulin secretion defect caused by GDIa overexpression (Fig. 5a) . These results were corroborated by previous reports that GDIa negatively regulates GSIS through inhibition of Cdc42 and RhoA (10, 46) . Phosphorylation of GDIa at Ser174 is required for the onset of GSIS (10) . The western blot results showed the expression of each virus during insulin secretion process (Fig. 5b) .
Discussion
Defective insulin secretion from pancreatic b cells is one of the critical hallmarks of type 2 diabetes mellitus (47), but the underlying mechanisms remain elusive. GLP-1 and its long-acting analogs improve islet b-cell function by restoring glucose responsiveness and have been used in the clinics as a popular treatment of type 2 diabetic patients (48, 49) . Although GLP-1 receptor activation is known to potentiate GSIS through cAMP/PKA and CaMKK signaling pathways in pancreatic b cells, the distal amplifiers for the stimulus secretion coupling effects of incretin hormones remain to be identified (49) . Our recent studies have identified SAD-A as a mediator of GLP-1 receptor-activated signal transduction pathways. SAD-A is activated through phosphorylation by PKA and CaMKK in islet b cells in response to treatment with glucose, GLP-1, and forskolin, a surrogate of incretin action. SAD-A also regulates GSIS in part through phosphorylation and activation of PAK1, the effector protein Rho GTPases. However, whether PAK1 or Rho GTPases activation is required for incretin responses by SAD-A remains elusive. In this report, we identified a crucial role of SAD-A kinase in regulating GDIa activation, implicating a mechanism by which SAD-A governs incretin response in islet b cells.
The Rho family of small GTPases acts as intracellular molecular switches that transduce signals from extracellular stimuli to the actin cytoskeleton. Activation of the Rho family of GTPases is required for the GSIS by regulating transport and fusion of insulin-laden secretory granules with the cytoplasmic membrane (10) . Yet, signal transduction pathways leading to the activation of Rho GTPases in islet b-cells remain elusive. The Rho GTPases have been associated with glucose stimulate insulin secretion; however, the Rab GTPase protein family (Rab3A, Rab27A, and Rab37) and Ras-like GTPase family (Rap1 and RalA) have been reported to facilitate incretin-mediated insulin secretion in pancreatic b cells (50, 51) . Administration of GLP-1 to patients with type 2 diabetes rescues insulin secretion defects in part through cAMP-Epac2-Rap1 signaling (52) . Despite these recent findings, the signaling pathways responsible for the beneficial effects of GLP-1 administration in type 2 diabetic patients remain largely unexplored. In this study, we report that GDIa and Rho GTPase were involved in glucose and Exendin-4 stimulated insulin secretion, which were regulated by SAD-A kinase (Fig. 6) . The Cdc42 was released from GDIa complex because of the phosphorylation of GDIa at Ser174 by SAD-A kinase and transferred to the membrane to stimulate insulin secretion. In support of a potential role of SAD-A in regulating Rho GTPase activation, SAD-A overexpression leads to significant remodeling of the actin cytoskeleton in islet b cells (30) .
SAD-A kinase reduces the affinity of Rho A for GDIa when overexpressed in islet b cells. Interestingly, SAD-A overexpression also decreases the cytosolic form of Rho A (Fig. 4b) . Consistence with this finding, the Rho A and Rho-associated kinase signaling pathway contributes to the stabilization of the actin cytoskeleton and inhibits GSIS (53) . Furthermore, GLP-1 has been showed to inhibit pathological upregulated RhoA/Rho-associated kinase (54) . Several single-nucleotide polymorphisms in and around RhoA were associated with elevated fasting insulin and homeostasis model assessment index of insulin resistance, suggesting a possible role in metabolic dysregulation (54) . Although the molecular mechanism is still unclear, the SAD-A-mediated disassociation of cytosolic Rho A from GDIa may lead to Rho A protein degradation. In line with this idea, Exendin-4 can suppress the activity of RhoA and restore cell viability in human b cells (55, 56) .
In this study, we identified SAD-A as an upstream activator of Rho GTPases through modulation of GDIa. GDIa is a negative regulator of GSIS and Rho family GTPases by preventing their binding to the PAK1 effector (7, 8) . Currently, the only known kinase that has been described to bind and phosphorylate GDIa is PAK1, a downstream effector of Rac1 and Cdc42. The activated Rac1 or Cdc42 GTPases binds to PAK1 and induces an increase its kinase activity (57, 58) . The activated Pak1 then binds and phosphorylates GDIa at Ser101 and Ser174, resulting in positive feed-forward regulation activation of Rac1. Although PAK1 can phosphorylate GDIa to release Rac1, the activation of Cdc42 happened before GDIa phosphorylation by PAK1. Collectively, the dissociation of Cdc42 from GDIa requires other kinases to be involved. An unknown specific kinase may play a pivotal role during the initial phosphorylation of GDIa in islet b-cell insulin secretion pathways. Furthermore, Cdc42 is critical for F-actin remodeling and targeting of insulin-containing granules to the SNARE protein syntaxin 1A and VAMP2, which are two important processes involved in insulin granule movement (2, 59) . Our results show that SAD-A binds explicitly to GDIa through its kinase domain, leading to direct phosphorylation of GDIa at Ser174, a key regulatory phosphorylation site in the Figure 6 . A proposed model for the critical role of SAD-A in regulating insulin secretion through phosphorylation of GDIa at Ser174. An elevated level of cAMP, which was generated from activation of incretin hormone receptors and glucose metabolism, can trigger direct phosphorylation of key regulatory sites of GDIa at Ser174 by SAD-A, leading to full activation of GTPases, which stimulate cytoskeletal remodeling and GSIS. AC, adenylyl cyclase; GPCR, G protein-coupled receptors.
hydrophobic binding domain which is required for Rho GTPase activation and GSIS (10, 60) . The findings were further confirmed by results from a peptide phosphorylation profiling assay that demonstrates that Ser174 is the only site of GDIa specifically phosphorylated by SAD-A among all the predicated or previously identified phosphorylation sites. Consistent with the findings, SAD-A overexpression significantly stimulated GDIa phosphorylation at Ser174, which is dramatically enhanced by GLP-1 treatment in the presence of high glucose. The results are highly reminiscent of the incretin effect because GLP-1 potentiates GSIS only in response to hyperglycemia. In further support for the results, SAD-A deficiency significantly decreased Ser174 phosphorylation of the endogenous GDIa in INS-1 b cells. Consequently, adenoviral expression of SAD-A in isolated mouse islets completely abolished the inhibitory effects of GDIa on GSIS, linking the incretin effect to the activation of Rho GTPases.
The AMPK family of kinases and the Rho family of small GTPase share many common regulatory functions, including cytoskeletal remodeling, cellular polarity, vesicle fusion, exocytosis, morphogenesis, axon growth and specification, and cancer (12, 20, (61) (62) (63) (64) (65) (66) ). Yet, little is known about the functional interactions between the two families of signal proteins. The present studies provide strong evidence for a direct link between members of AMPK-related kinases and the Rho GTPase family of proteins, suggesting that many of the previously reported cellular events regulated by LKB1, AMPK, and other AMPK-related kinases may now be better explained in terms of activation of Rho GTPases, as evidenced by multiple regulatory roles of LKB1 in cancer, polarity, and metabolism (67) .
Together, based on the available body of evidence, we propose that signaling by SAD-A defines a mechanism of GDIa inhibition in pancreatic b cells that are required for the onset of GSIS. The mechanism entails that SAD-A is activated by PKA and CaMKK in response to an elevated level of [cAMP] i and [Ca 2+ ] i generated from glucose metabolism and activation of G protein-coupled receptors of incretins, such as GLP-1 and GIP. SAD-A directly binds to and phosphorylates GDIa at Ser174, leading to GDIa inactivation. Concurrently, SAD-A also directly binds to and phosphorylates PAK1 at Thr423, as shown by our previous studies (30) , leading to the synergistic activation of Rho GTPases that are required for cytoskeletal remodeling, vesicle trafficking, docking, and fusion with the plasma membrane, culminating in GSIS (Fig. 6 ). In addition to GSIS reported in this study, SAD-A has recently been implicated in a number of biological functions, including neuronal polarity, axon formation, and neurotransmitter release, all of which require cytoskeletal remodeling. Our single-cell transcriptomic results found that SAD-A and GDIa were expressed in the same cell, which was different from PAK1 expression pattern in mouse islets (unpublished data). This result suggests a mechanism for SAD-A to regulation of islet b-cell insulin secretion, which could be independent of the PAK1 signal cascade. Therefore, the present findings will offer a potential mechanism by which SAD-A regulates these biological functions because GDIa has also been implicated in the same biological processes through regulation of Rho GTPase (68) (69) (70) .
